Introduction
Calcium ions are essential messengers that regulate various cellular processes. At the neuronal presynaptic active zone, an action potential (AP) results in opening of calcium channels and transient increases in Ca 2+ of up to 200 μ M at domains around the channel pore (Silver et al., 1994) . Calcium channels are linked to synaptic vesicles (SVs)
through SNARE proteins and a Ca 2+ -sensing protein synaptotagmin that initiates SV exocytosis (Catterall, 2000) . The distance between presynaptic Ca 2+ channels and synaptotagmin determines the efficacy and speed of exocytosis, suggesting that the spatial diffusion of Ca 2+ is crucial for the regulation of synaptic transmission Sakaba, 2008, Eggermann et al., 2012) . Likewise, it is known that other post-exocytosis Ca 2+ receptors in presynaptic terminals control other aspects of synaptic function such as short-term plasticity (Catterall and Few, 2008, Catterall et al., 2013) , replenishment of the readily releasable pool (RRP) (Llinás et al., 1991) , SV endocytosis (Poskanzer et al., 2003, Nicholson-Tomishima and Ryan, 2004) , and structural remodeling of presynaptic morphology (Su et al., 2012) .
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channels and Ca 2+ sensors (Cummings et al., 1996 , Eggermann et al., 2012 . For example, chelation data have been used to distinguish synaptic functions linked to Ca 2+ signaling from nanodomain to microdomain coupling , Tymianski et al., 1994 , Cummings et al., 1996 , Dittman and Regehr, 1998 , Angleson and Betz, 2001 ).
Like exocytosis, presynaptic short-term plasticity and maintenance of the readily releasable pool (RRP) are regulated in a Ca 2+ dependent-manner Neher, 2001, Junge et al., 2004) . After an AP, Ca 2+ levels rapidly peak at the AZ and then gradually decline to resting levels. During this replenishment period various Ca 2+ binding proteins act cooperatively to regulate SV competence to respond to incoming nerve signals (Mochida, 2011) . However, the kinetic organization of these processes and their significance for the maintenance of various synaptic functions is largely unknown.
In this study, we used Ca 2+ chelators to examine the temporal regulation of the SV cycle by Ca 2+ following AP firing in a model system for fast cholinergic transmission between rat superior cervical ganglion (SCG) neurons mediated by N-type Ca 2+ channels activation (Mochida et al., 1996 , Mochida et al., 2003 . Collectively, the findings show RRP depletion and recovery. After a 1-min control EPSP recording at 1 Hz, a 3-or 4-min AP trains at 5 Hz were applied to deplete SVs in the RRP, and then EPSPs were recorded at 1 Hz. A series of recording was performed before and 20 min after application of Ca 2+ chelators. EPSP amplitudes were normalized to the mean EPSP amplitudes before the AP trains using Origin 8. Averaged EPSP amplitudes were smoothed using Origin 8 as described above.
Time constant for RRP recovery. Averaged EPSP amplitudes after 4-min AP trains in control and in the presence of Ca 2+ chelators or DMSO were fitted with single exponential growth curves from 0 to 2 s or from 1 to 6 min using Origin 8. To show clearly the fast recovery rate, the mean value of base-line noise level recording at time=0 (< 1 mV), was subtracted from mean EPSP amplitudes (Tanifuji et al., 2013 ).
Short-term Plasticity. Two forms of presynaptic short-term enhancement of synaptic transmission, termed augmentation and post-tetanic potentiation (PTP) were elicited by This article has not been copyedited and formatted. The final version may differ from this version. (Fig. 1E, F) . 10, 50, and 100 μ M EGTA-AM showed a similar maximum effect on EPSP amplitude reduction (Fig. 1F ). The EGTA-AM effect appeared shorter than the BAPTA-AM effect, suggesting that permeability of the chelators into the presynaptic terminal may be different. The rate of EPSP amplitude reduction was more rapid than that with BAPTA-AM (Fig. 1C, D , G, H). The time constant for the reduction of EPSP amplitude at 0.1 Hz, 2.2 ± 0.5 min (mean ± SEM, n=7), with 100 μ M EGTA-AM was 4 fold faster than the time constant (9.1± 1.2 min, n=7) with 100 μ M BAPTA-AM. The rate of EPSP amplitude reduction with EGTA was dose-dependent ( Fig. 1H ), but not SV-use-dependent (Fig. 1G, I ), suggesting a reduction in the probability that a SV in the RRP will undergo fusion in response to a single AP (Pv).
Effect of Ca 2+ chelators on basal Pv should be activity-independent. We tested this by treating with chelators in the absence of synaptic activity. The EPSP recording was stopped after 1 μM EGTA-AM or 50 μM BAPTA-AM was bath-applied ( EGTA-AM application and ~40% of that before BAPTA-AM application (Fig. 1L ). The postsynaptic ACh response was not significantly reduced by BAPTA-AM (Fig. 1M ) or EGTA-AM (Fig. 1N) contrast, the rate of EPSP reduction with BAPTA-AM was firing activity-dependent. 20 min after 100 μM BAPTA-AM application, the EPSP amplitude decreased 57% for 0.1
Hz and 80% for 0.25 Hz AP firing (Fig. 1C) . The time constant for the reduction of RRSVs at 0.25 Hz AP firing (4.1 ± 0.6 min, n=5) was ~half of that at 0.1 Hz (9.1 ± 1.7 min, n=6) ( and 60 ms in the presence of EGTA (Fig. 2C ). The paired-pulse ratio showed a reduction of PPD with an ISI < 30 ms with BAPTA ( Fig. 2D) We next analyzed the kinetics associated with Ca 2+ entry in the activation of SV recycling pathways. Previously we showed that after depletion of the RRP, the SV pool recovers at two time constants, fast and slow, through dynamin-mediated distinct endocytosis pathways (Lu et al., 2009 , Tanifuji et al., 2013 . Here, to map Ca 2+ specificity onto the fast and slow components, we compared recovery time constant with exponential growth curves fitted to the increase in the mean EPSP amplitude 2 s (during the fast recovery) and 1-6 min (during the slow recovery) after cessation of the AP train. Control recordings had a time constant for fast and slow recovery of τ=3.4 ± 0.5 s, 4.4 ± 0.3 min, respectively. Recovery rates of fast and slow phases were delayed by BAPTA ( Fig. 4D and E) . To obtain a clearer comparison of rapid Ca 2+ signal
This article has not been copyedited and formatted. The final version may differ from this version. mediated regulation of RRP recovery, data was measured over 2 s after depletion of SVs (Fig. 4D) . In contrast to BAPTA, EGTA showed a delay only in the slow rate of recovery (Fig. 4E) . Thus, kinetic analysis suggests rapid and slow Ca 2+ signals may regulate the specificity of fast and slow endocytosis pathways. In addition, these results suggest that slow Ca 2+ signal regulation does not contribute to control of the rapid RRP replenishment rate, but does determines the RRP size through RP replenishment activated by a long train of AP firing (Lu et al., 2009 , Tanifuji et al., 2013 .
Ca

2+ entry regulates SV availability for the short-term plasticity
At the presynaptic terminal, rapid responses to ongoing changes in AP firing are critical for short-term plasticity, which is important for encoding information in the nervous system (Abbott and Regehr, 2004) . Augmentation and post-tetanic potentiation (PTP), which lasts for seconds to minutes, are thought to induce Ca 2+ accumulation in response to short and longer AP trains (Zucker and Regehr, 2002) . Therefore, we investigated how rapid and slow Ca 2+ signals contribute to augmentation and PTP by applying a 10-s conditioning AP train at 20 Hz or a 60-s train at 40 Hz (Mochida et al., 2008) . We selected smaller EPSPs (10 ± 0.9 mV, n=35) to avoid AP generation after the conditioning train. 5A ) and accelerated the decay rate (Fig. 5A, insert) . The mean EPSP amplitude measured 1 min after a 10-s AP train at 20 Hz increased 2.2 fold, whereas the increase was 1.3 fold in the presence of EGTA (Fig. 5A ). The enhancement with EGTA was 65 ± 5.4% of control (n=7), while it was 115 ± 8.4 % (n=5) with 50 test after one-way ANOVA) (Fig. 5D) . Thus, EGTA significantly reduced the magnitude of augmentation (Fig. 5A ). In addition, EGTA accelerated the decay rate of augmentation from a control value τ =2.8 ± 0.3 min to τ =1.8 ± 0.2 min (n=7) (p<0.05, control vs. EGTA-AM, paired Student' s t test) (Fig. 5A, insert) .
The mean EPSP amplitude measured 1 min after a 60-s AP train at 40 Hz increased 2.5 fold, whereas the increase was 2.3 fold in the presence of EGTA (Fig. 5F ).
In contrast, the increase was 2.7 fold before BAPTA application, and 1.7 fold in the presence of BAPTA (Fig. 5F ). The enhancement with BAPTA was 64 ± 6.4% of control (n=7), while with EGTA or DMSO it was 96 ± 11.4 % (n=6) or 83 ± 14.7%
(n=6), respectively (p<0.05, BAPTA-AM vs. EGTA-AM, Bonferroni post hoc test after one-way ANOVA) (Fig. 5H) . Surprisingly, BAPTA, but not EGTA, significantly reduced PTP magnitude, but did not change the decay rate; τ =2.5 ± 0.4 min for control and τ =2.7 ± 0.4 min for BAPTA (n=7), respectively (Fig. 5F, insert (Borst and Sakmann, 1996) but not mature calyx synapses (Yang et al., 2010) . Thus, rapid reduction of EPSPs with EGTA following presynaptic APs at 0.1 Hz (Fig. 1E, F A change in the paired-pulse ratio (PPR) could reflect either a basal change in Pv before stimulation or an activity-dependent change in Pv following stimulation.
When PPRs are altered by changes in basal Pv before stimulation, the PPR is inversely proportional to the amplitude of the first EPSP (Zucker and Regehr, 2002 
Phasic and tonic Ca 2+ signaling underlie maintenance of the releasable pool of SVs
We observed that BAPTA reduced the releasable SV pool in a SV-use-dependent manner under relatively low presynaptic activity (Fig. 1) , suggesting the existence of a novel low affinity Ca suggesting that this from of rapid Ca 2+ -mediated regulation may last longer than 4 s.
However, a rapid Ca 2+ -mediated regulation of the releasable SV pool was not obvious during high frequency of AP firing at 5 Hz (Fig. 3) , suggesting that a rapid Ca 2+ signal mediated RRSV replenishment takes <200 ms after a single AP firing under higher presynaptic activity. It appears unlikely that resupply of RRSV via endocytosis can be completed <200 ms because the imaging studies show endocytosis occurring on a timescale of seconds (Poskanzer et al., 2003, Nicholson-Tomishima and Ryan, 2004) .
However, 'flash-and-freeze' approach revealed ultrafast mode of dynamin-mediated endocytosis which occurs within 50-100 ms after the AP (Watanabe et al., 2013) . In This article has not been copyedited and formatted. The final version may differ from this version. -dependent regulation of RRSVs is >200 ms and <2 min (Fig. 3) .
This time scale suggests that SVs recycle via molecular sensors for endocytosis.
Endocytosis at many synapses requires initiation by Ca 
Phasic and tonic Ca 2+ signals control kinetics and magnitude of RRP replenishment following high frequency AP firing
Our results indicate that Ca 2+ has an essential kinetic role in both rapid and slow changes in the RRP size, which can be defined as the number of SVs accessible for exocytosis in response to an AP (Rizzoli and Betz, 2005) . Following RRP depletion with high frequency AP trains, both rapid and slow Ca with EGTA reduced the magnitude of rapid recovery (Fig. 4B) , suggesting direct control of RP size by tonic Ca 2+ signaling to regulate slow endocytosis (Tanifuji et al., 2013) and/or SVs release from the RP into the RRP (Llinás et al., 1991) . In addition, loss of both rapid and slow Ca 2+ signals delayed the slow RRP recovery process, suggesting that both phasic and tonic Ca 2+ signals contribute to refilling of the RRP with SVs through an amphiphysin-independent and dynamin 2, 3-dependent endocytic pathway (Lu et al., 2009 , Tanifuji et al., 2013 . Thus, our findings reveal the existence of novel fast and slow Ca 2+ transient kinetics that map onto known molecular pathways for endocytosis and RRP maintenance.
Concluding remarks
This article has not been copyedited and formatted. The final version may differ from this version. at each frequency was 50 ± 3% (5 Hz), 42 ± 5% (10 Hz), and 47 ± 4% (20 Hz) with BAPTA, and 36 ± 3% (5 Hz), 32 ± 6% (10 Hz), 65 ± 8% (20 Hz) with EGTA. A, As a control, 0.5% DMSO showed no effect on synaptic depression. 
